The activity that has been previously reported to reversibly inactivate adipose glycerolphosphate acyltransferase (GPAT) and diacylglycerol acyltransferase (DGAT) in vitro in the presence of ATP is shown here to be partially purified from adipose tissue with an apparent molecular weight of 68 kDa. The activity responsible for inactivating DGAT is associated with a kinase activity as determined by phosphate incorporation both into microsomal proteins and into a synthetic tyrosinecontaining peptide as substrate for protein tyrosine kinase. Two microsomal polypeptides of 53 and 69 kDa are major substrates of this kinase. Both DGAT inactivating and kinase activities assayed from the purified sample have been found to be insensitive to the Ser/Thr kinase inhibitor H-7 while being sensitive to genistein and tyrphostin-25. A crude protein phosphatase preparation from liver was capable of reversing the effects of both activities. The purified sample was also shown to inactivate GPAT in the presence of ATP. These results suggest that a protein tyrosine kinase, in concert with a protein tyrosine phosphatase, may regulate the activities of DGAT and GPAT by a phosphorylation-dephosphorylation mechanism. Lipids 31, 277-283 (1996).
Simultaneous triacylglycerol synthesis and lipolysis allows adipose tissue to rapidly respond to changes in peripheral tissue requirements for fatty acids. Moreover, phospholipids and diacylglycerols are essential components of cell membranes and are mediators of hormone action. However, the regulation of glycerolipid synthesis is not yet well understood. There have been conflicting reports about the regulatory roles of hepatic diacylglycerol acyltransferase (DGAT) and phosphatidate phosphatase (PAP) (1) (2) (3) . At present, a rate-limiting step in adipocyte triacylglycerol (TAG) synthesis has not been established. Rather, all enzymes appear to be functioning below saturation to allow multistep regulation. In this way, the steady-state triglyceride synthesis could increase without a rise in levels of phosphatidate and lysophosphati-*To whom correspondence should be addressed at Department of Biochemistry, University of Ottawa, 365 Nicholas, P.O. Box 450 Stn. A, Ottawa, Ontario, KIN 6N5 Canada. Abbreviations: BSA, bovine serum albumin; DGAT, diacylglycerol acyltransferase; DTT, DL-dithiothreitol; GPAT, glycerolphosphate acyltransferase; PAGE, polyacrylamide gel electrophoresis; PAP, phosphatidate phosphatase; PKA, protein kinase A; PKC, protein kinase C; TAG, triacylglycerol; TED buffer, 50 mM Tris-HCl (pH 7.5)/1 mM EDTA/2 mM DTT; TMD buffer, 50 mM Tris-HC1 (pH 7.5)/10 mM MgCI2/1 mM DTT. date, which can potentially pose a threat to membrane stability and function (4) .
Although it is well established that fatty acid incorporation into adipose tissue triglycerides is under hormonal control (4), the precise molecular events involved in the regulation of synthesis have yet to be elucidated. Whereas only glycerolphosphate acyltransferase (GPAT) has been found to be activated by insulin (5) , catecholamines have been previously reported to decrease the activity of GPAT (6) , PAP (7) , and DGAT (6) . However, in a more recent report (8) , it was proposed that norepinephrine does not directly regulate TAG synthesis in adipocytes. In vitro experiments suggest that TAG synthetic enzymes, including GPAT (9,10), PAP (11) , and DGAT (12, 13 ) from various tissues, may be regulated by a phosphorylation-dephosphorylation mechanism. However, different kinases have been implicated with conflicting reports on their effects on the enzymes (11) (12) (13) (14) (15) (16) .
We have previously described the presence of an enzyme activity in adipose tissue which, in the presence of ATP, reversibly inactivates GPAT (17) and DGAT (18) . We have also shown that this activity could not be replaced by different preparations of protein kinase C (PKC) and protein kinase A (PKA) (18) . In the present report, we describe the partial purification of this enzyme activity from the adipose cytosol and demonstrate its association with a protein tyrosine kinase activity.
MATERIALS AND METHODS

Materials.
Oleic acid, oleoyl-CoA, diolein (1,2-dioleoylsn-glycerol), L-glycerol-3-phosphate, ATP, CoA, DL-dithiothreitol (DTT), ethylenediaminetetraacetate (EDTA), fatty acid-free bovine serum albumin (BSA), 4',5,7-trihydroxyisoflavone (genistein), 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine (H7), [3, 4, 5 -trihydroxybenzylidene]-malononitrile (tyrphostin-25), tyrosine kinase synthetic substrate peptide (Arg-Arg-Leu-Ile-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly), Reactive Blue 2-Sepharose, S-Sepharose, Sephacryl S-200, DEAE-Sepharose CL-6B, polyethylene glycol compound (MW 15,000-20,000), SDS, acrylamide, Brilliant Blue G colloidal, and molecular weight standards were obtained from the Sigma Chemical Co. (St. Louis, MO). Filters (0.22 pm pore size) were obtained from Millipore (Bedford, MA). Phospho-cellulose paper (Whatman P-81) was obtained from Canadawide Scientific (Ottawa, Ontario, Canada). [9,10-3H]Oleic acid (7.4 Ci/mmol) and L-[2-3H]glycerol-3-phosphate (10.6 Ci/nmol) were obtained from Du Pont Canada Inc. (Mississauga, Ontario, Canada). [9,10-3H]Oleoyl-CoA (100 Ci/mol) was prepared from the radioactive fatty acid following the method of Bishop and Hajra (19) as previously described (20) . 32p-y-ATP (3 Ci/mmol) was obtained from Amersham (Oakland, Ontario, Canada). Universol (liquid scintillation cocktail) was from ICN Biomedicals (Mississauga, Ontario, Canada).
Preparation ofmicrosomes. Epididymal adipose tissue microsomes from male Sprague Dawley rats (Charles River Canada Inc., St. Constant, Quebec, Canada) were prepared by differential centrifugation of the homogenized tissue as previously described (17) . When indicated, to remove any endogenous kinase, the microsomes were washed with a buffer containing 200 mM Tris-HC1 (pH 9.0), 1 M NaC1, 1 mM EDTA, 0.25 M sucrose, and 1 mM DTT. Amounts of microsomes used in the experiments are indicated throughout this paper as the mass of microsomal protein.
Purification of DGAT inactivating activity. The activity responsible for DGAT inactivation was purified by fractionation of 50 mL of the 100,000 • g supernatant from homogenized adipose tissue, with the fractions of the purification sequence being tested for DGAT inactivation with washed microsomes (8 pg) as shown below. The cytosol was first mixed with solid ammonium sulfate to reach 55% ammonium sulfate saturation and the mixture was stirred at 4~ for one hour. After centrifugation the pellet containing the DGAT inactivating activity was resuspended in TED buffer [50 mM Tris-HC1 (pH 7.5), 1 mM EDTA, and 2 mM DTT] and applied to a 20 mL Blue-Sepharose column followed by elution with TED buffer containing 0, 0.3, and 1 M NaC1. The protein peak which eluted at 0.3 M NaC1 contained the higher capacity for DGAT inactivation. It was dialyzed against TED buffer and applied to a 20 mL S-Sepharose column, which was eluted with 0.5 M NaCI in TED buffer. The pooled fractions containing the activity were dialyzed against TED buffer, applied to a 7 mL DEAE Sepharose column and eluted with 1 M NaC1 in TED buffer. Fractions containing the activity were pooled, concentrated with polyethylene glycol (Sigma) and applied to a 45 cm Sephacryl S-200 column equilibrated with TED buffer. The final pooled fractions containing the activity were made to 20% (vol/vol) with respect to glycerol and stored at-20~ Protein phosphatase preparation. Protein phosphatase was partially purified from rat liver up to the ethanol precipitation step of the method of Brant et al. (21) as previously described (17) .
GPAT assay. GPAT assay was performed at 37~ in a final volume of 0.5 mL containing 0.1 M Tris-HC1 (pH 7.5), 2 mM DTT, 10 mM MgCI 2, 25 laM BSA, 0.1 mM oleoyl-CoA, 1 mM [3H]glycerol-3-phosphate (1.2 Ci/mol), and microsomes (5-10 lag). After a 4-min incubation, the reaction was stopped by vortexing with 1 mL of butanol saturated with water. The butanol phase was washed three times with 1.5 mL of water saturated with butanol, and a 0.5 mL aliquot was counted in 7 mL Universol in a beta counter.
DGAT assay. DGAT was assayed as previously described (18) with minor changes by incubating 5-10 lag of microsomes for 5 min at 37~ in 0.5 mL of Tris-HCl (pH 7.5) containing 1 mM DTT, 10 mM MgC12, 5 laM BSA, 20 laM [3H]oleoyl-CoA (7.5 Ci/mol), and 150 laM 1,2-diolein (delivered in 5 laL acetone). The reaction was stopped with 1.5 mL of isopropanol/hexane (1:1, vol/vol), and the hexane phase was washed three times with 0.75 mL of isopropanol/hexane (4:1, vol/vol) and 0.75 mL of 0.05% KOH. A 0.75-mL amount from the hexane phase was counted in 7.5 mL Universol in a beta counter.
DGAT/GPAT inactivating activity assay. ATP-dependent GPAT and DGAT inactivation was determined by performing the corresponding enzyme assays with 8 lag of microsomes (unless otherwise mentioned) and the indicated sample, in the presence and absence of 0.5 mM ATP. Inactivating activity was expressed as the percentage decrease in the rate of DGAT or GPAT activity caused by the addition of ATP as previously described (17, 18) . Since no linear dependence of DGAT/GPAT inactivation with time could be obtained in most of our assay conditions (18) , our measurements of DGAT or GPAT inactivation are not rates but rather levels of inactivation which, in most cases, correspond to the maximum level observable with our microsomes preparation.
Protein kinase assay. Kinase activity was assayed by measuring the incorporation of 32p from 32p-y-ATP into either microsomes or the tyrosine kinase synthetic-peptide substrate. Phosphorylation of microsomes was carried out in 0.1 mL of TMD buffer [50 mM Tris-HCl (pH 7.5), 10 mM MgC12, 1 mM DTT] containing 0.5 mM 32p-y-ATP (40 Ci/mol) and 30 lag of microsomes. The reaction was initiated by addition of the kinase sample or, in the case of microsomes containing the endogenous kinase, by the addition of the 32p-7-ATP. After a 5 min incubation at 37~ a 75 taL aliquot of the incubation mixture was applied to a 0.22-lam pore size filter (2-cm diameter) which was prewashed with 0.5 mL of 50 mM phosphate. The reaction was terminated by passing 2.5 mL of 50 mM phosphate through the filter disc under suction. Discs were dried and counted in 7 mL of Universol (ICN).
Phosphorylation of the synthetic peptide was carried out as described by Pike et al. (22) with some minor modifications. The incubation was carried out at 37~ in 20 laL of TMD buffer containing 1 mM synthetic peptide and 0.5 mM 32p-y-ATP (40 Ci/mol). The reaction was initiated by the addition of the kinase sample and terminated after five minutes by the addition of 30 ~tL of 5% trichloroacetic acid. After centrifugation, the supernatant was blotted on phosphocellulose paper (2 cm 2) and washed three times with 75 mM phosphoric acid. After drying, the paper was counted in 7 mL of Universol.
Protein assay. Protein concentrations were measured by the dye-binding assay of Bradford (24) using bovine serum albumin as the standard.
Electrophoresis. SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out in a mini-protein gel electrophoresis apparatus (Bio-Rad), under reducing conditions using the discontinuous system of Laemmli (23), with 7.5 and 4.5% acrylamide resolving and stacking gels, respectively. Gels were stained with Brilliant Blue G colloidal (Sigma), dried and, when indicated, exposed to Fuji NIF-RX X-ray film. The following molecular weight markers (Sigma) were used: carbonic anhydrase (29 kDa), ovalbumin (45 kDa), bovine serum albumin (66 kDa), phosphorylase b (97.4 kDa), and [3-galactosidase (116 kDa).
RESULTS
Incubation of microsomes from rat adipose tissue with 0.5 mM ATP resulted in the partial inactivation of DGAT (33 +_ 1%) as shown in Figure 1 . These microsomes also contained an endogenous kinase activity that catalyzed the incorporation of 32p from 32p-7-ATP into microsomes. Washing the microsomes with a high salt, high pH buffer caused the removal of both the ATP-dependent DGAT inactivating activity and the kinase activity (Fig. 1) . The adipose tissue cytosolic fraction was able to restore both activities when added to the washed microsomes (Fig. 1) , which is in agreement with previous results showing that the cytosol stimulated the ATP-dependent inactivation of microsomal DGAT (18) .
Partial purification of the DGAT inactivating activity. The activity responsible for the ATP-dependent inactivation of DGAT was partially purified from the cytosol by a sequence of steps involving protein precipitation with ammonium sulfate as well as Blue Sepharose, S-Sepharose, DEAE- Sepharose, and Sephacryl S-200 chromatographies, as described in the Materials and Methods section. The activity bound to Blue Sepharose, S-Sepharose, and DEAE-Sepharose and coeluted with the protein peaks at NaC1 concentrations of 0.3, 0.5, and 1.0 M, respectively (Fig. 2) . In the case of the gel filtration column, the protein eluted in two overlapping peaks corresponding to 82 and 44 kDa, with the activity centered at 67 kDa (Fig. 2) . Aliquots from the pooled fractions containing 1.2 tag of protein caused 46 _+ 4% inactivation of DGAT in the presence of ATP. The final fraction containing the activity represented 0.1% of the starting protein (Table 1) . SDS-PAGE of the purified fraction showed a major band at about 68 kDa (Fig. 3) .
Phosphorylation of a tyrosine containing peptide. Consistently through the purification steps, the pooled fractions with DGAT inactivating activity were found to phosphorylate the synthetic peptide Arg-Arg-Leu-Ile-Glu-Asp-Ala-Glu-TyrAla-Ala-Arg-Gly (Table 1) which is a specific substrate of protein tyrosine kinases (22) . Thus, a protein tyrosine kinase activity seemed to co-purify with the ATP-dependent DGAT inactivating activity. About 90% of the total cytosolic tyrosine kinase activity was lost at the salt precipitation step resuiting in a 50% drop in specific activity. However, more than 50% of the remaining activity was recovered, with a purification factor of about 120-fold, through the last four chromatographic steps (Table 1) . Our purified kinase was also able to phosphorylate microsomes at a rate of 0.24 +_ 0.08 lamol Pi 9 min -l 9 -1, which represents a 400-fold increase over the cytosolic specific activity (Table 1 ). Effect on GPAT. Since we have previously shown that microsomal GPAT is also reversibly inactivated by an ATP-dependent activity in rat adipose cytosol (17), we determined whether or not the activity purified from the cytosol could inactivate GPAT in vitro. Addition of 1.2 lag of partially purified kinase preparation and 0.5 mM ATP to the incubation mixture of the GPAT assay resulted in 34 _+ 3% inactivation, which is similar to the 38 _+ 5% GPAT inactivation obtained with 120 lag of cytosol.
Effect of various protein kinase inhibitors. We have previ-
ously shown that DGAT inactivating activity in the cytosol could be inhibited by EDTA, but it was insensitive to inhibitors of serine/threonine kinases such as H7 and the protein inhibitor of PKA (18) . We have now found that these two latter inhibitors decreased the level of microsome phosphorylation with cytosol by nearly 50% (data not shown), suggest- ing the presence of cytosolic serine/threonine kinases acting on microsomal proteins unrelated to DGAT activity. As shown in Figure 4 , our kinase preparation showed a relatively lower sensitivity to inhibition of microsome phosphorylation by H7, indicating that a good part of the cytosolic serine kinase activity had been removed. By contrast, two tyrosine kinase inhibitors, tyrphostin-25 and genistein, were effective in blocking both the microsome phosphorylation and the DGAT inactivating activities of our purified fraction (Fig. 4) . Phosphorylation of microsomal proteins. aMicrosomes (I mg/mL) were pretreated for I 0 rain at room temperature with cytosol (2.4 mg/mL) and ATP (0.5 raM) in 50 mM Tris-HCl (pH 7.5)110 mM MgCI211 mM DTT buffer. Aliquots of treated microsomes (I 0-I 5 IJg) were incubated for 10 rnin at 37~ in the same buffer with and without a crude preparation of liver protein phosphatase (0.7 mg/mL) in the presence of the indicated inhibitors and 20 pM of carried over ATP, and then assayed for DGAT activity. DGAT reactivation in the presence of each inhibitor was estimated from the relative increase in DGAT activity of pretreated microsomes caused by incubation with the phosphatase. DTT, OL-dithiothreitol; see Table I for other abbreviation. bFrom a paired t-test using the results without inhibitor (92 + 9%) as reference; n.s., not significant.
by filtration, incubation of the treated microsomes with the crude protein phosphatase preparation restored DGAT activity while removing most of the microsomes bound 32p (Fig. 6 ).
the regions of 40 and 100 kDa. The addition of our purified kinase to the incubation medium (lane 2) resulted in the increased phosphorylation of all bands, and this effect was largely prevented when the inhibitor tyrphostin-25 was present in the incubation (lane 3). The fact that the addition of the kinase and the inhibitor did not change the pattern of phosphorylated bands in the microsomes suggested that the endogenous kinase activity remaining in our microsomal preparation was largely the tyrosine kinase which was demonstrated to be present in our purified fraction. By contrast, when the purified kinase was incubated with 32P-y-ATP and run on SDS-PAGE followed by autoradiography (not shown), no phosphorylated bands were apparent, suggesting that the enzyme does not autophosphorylate.
Reversion of protein phosphorylation and DGAT inactivation with a crude protein phosphatase preparation.
We have previously reported'that cytosol/ATP dependent inactivation of microsoma] GPAT (l 7) and DGAT (18) activities could be reversed by incubating the inactivated microsomes with a partially purified protein phosphatase from rat liver in the absence of ATP. The reactivation of DGAT from ATP/cytosoltreated microsomes by the phosphatase preparation was now found to be Mg + § dependent and could be inhibited by phosphate, NaF, and vanadate, but not by the protein phosphatase inhibitor okadaic acid ( Table 2) .
Reversibility of microsome phosphorylation by the liver phosphatase preparation was investigated by pretreatment of washed microsomes with the purified kinase and ATP, which resulted in phosphorylation of the microsomes and a 46% decrease in DGAT activity (Fig. 6) . Upon removal of the ATP Washed microsomes were phosphorylated with 32p-7-ATP in the presence (lanes 2 and 3) and absence (lane 1) of the purified kinase as described in Figure 5 . For lane 3, the kinase treated microsomes were filtered on an Amicom P30 membrane, resuspended in TMD buffer, and incubated with crude phosphatase (1 mg/mL) as described in Figure 6 . Reactions were stopped by adding electrophoresis sample buffer, and aliquots (20 pg microsomal protein) from the incubation mixtures were applied to the gel. Following electrophoresis, the gel was stained, dried, and exposed to Fuji NIF-RX film for five days. Molecular weight values (kDa) of the major phosphoproteins labelled are indicated. Lane 1, microsomes alone; lane 2, kinase-treated microsomes; and lane 3, kinase/phosphatase-treated microsomes. Figure 7 shows the dephosphorylation of phosphoproteins from the kinase/ATP-treated microsomes. Treatment with the kinase (lane 2) stimulated the level of 32p-phosphate incorporation into microsomal polypeptides as in Figure 5 . Treatment with the liver phosphatase (lane 3) reversed the level of phosphorylation close to control levels (lane 1).
We have observed that if both the purified kinase and liver phosphatase were present in excess with microsomes in the presence of 1 mM ATP, the kinase was able to overcome the phosphatase resulting in net inactivation of DGAT and microsomal phosphorylation (4.5 nmol phosphate/mg microsomes), although not to the level achieved by the purified kinase alone (6.0 nmol phosphate/mg microsomes).
DISCUSSION
The present results confirm our previous findings of an ATPdependent activity present in the cytosol of adipose tissue, which reduces both microsomal GPAT and DGAT activities in vitro (17, 18) . We have now partially purified that activity. Since we could not measure rates of DGAT inactivation, we were unable to determine the degree of purification of the activity. According to protein recovery in the final pool, the degree of purification attained is on the order of 1000-fold. Considering that this is a regulatory enzyme, higher purification is probably required in order to achieve homogeneity. The purified activity ran at about 67 kDa on a gel filtration column, and showed a single 68 kDa polypeptide band on SDS-PAGE, suggestive of a monomeric enzyme. However, it is possible that a minor component of our purified fraction, not even visible on the SDS gel of Figure 3 but containing the activity, could run at 67 kDa on gel filtration due to interactions with either the gel or with other proteins.
Our results suggest that the activity responsible for DGAT inactivation in the presence of ATP is a protein kinase. This hypothesis is supported by the following observations: (i) DGAT inactivation did not occur when ATP was substituted by 13,7-methylene-ATP (18), (ii) the kinase activity expressed as the phosphorylation of a synthetic peptide was associated with the DGAT inactivating activity through the purification steps, (iii) when endogenous microsomal activity responsible for DGAT inactivation was removed by appropriate washing of microsomes, the microsomal phosphorylating activity was concomitantly lost, (iv) both activities required Mg 2+ and were inhibited by EDTA, (v) both activities were sensitive to the tyrosine kinase inhibitors genistein and tyrphostin-25, and (vi) both activities could be reversed by treatment with a crude preparation of protein phosphatase from rat liver. In addition, the putative DGAT kinase appeared to be a tyrosine kinase, both because of its sensitivity to established tyrosine kinase inhibitors (genistein and tyrphostin-25) and because of its ability to phosphorylate a synthetic peptide which is used as a general artificial substrate of protein tyrosine kinases. Moreover, the specific activity of the tyrosine kinase increased with the sequential purification steps of the DGAT inactivating activity.
Although a cytosolic enzyme, our protein kinase was associated strongly with the microsomal membranes. Two microsomal polypeptides of 53 and 69 kDa seemed to be substrates of our protein kinase. At this point we cannot assign any of the phosphorylated bands either to the DGAT or GPAT enzymes. However, studies by radiation inactivation of rat liver DGAT suggest that a unit of 68-76 kDa comprising one or more polypeptides is required for activity (25) . More recently, rat liver DGAT has been purified to near homogeneity and shown to comprise at least a 60 kDa polypeptide (26) .
Furthermore, it has been suggested that a 54 kDa microsomal polypeptide, which is labelled by radioactive iodoacetate but is not phosphorylated by PKA, is a component of adipose GPAT (15) . This band may correspond to one microsomal substrate (53 kDa) of our kinase. However, Escherichia coli GPAT comprises a single polypeptide of 83 kDa (27) and murine mitochondrial GPAT has been recently identified as a 90 kDa polypeptide (28) .
Dephosphorylation of both phosphorylated polypeptides by treatment with a crude protein phosphatase preparation from rat liver was concomitant with the reactivation of DGAT and GPAT activities from microsomes treated with our purl-fled kinase and ATP, suggesting the involvement of those polypeptides in the said microsomal activities.
Since our previous results indicated that the DGAT enzyme in our microsomal preparations is already in a partially inactivated form (18) , the combined effect of kinase inactivation and phosphatase activation should result in a change of rates of triacylglycerol synthesis much higher than the 30-40% change in DGAT and GPAT activities observed in our in vitro experiments.
One of the effects of insulin is an increase in adipocyte TAG synthesis, which is not secondary to its effects on lipoprotein lipase, glucose uptake, or fatty acid synthesis (4) . The implication of a protein tyrosine kinase in the regulation of two key triglyceride synthetic enzymes, GPAT and DGAT, suggests that in concert with a tyrosyl phosphatase, the kinase could regulate this metabolic pathway. Insulin stimulation of adipose TAG synthesis could be mediated by activation of the phosphotyrosyl phosphatase and inactivation of the putative DGAT/GPAT kinase.
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